Abstract -A new compact neutral-particle analyzer (CNPA) developed at the Ioffe Physicotechnical Institute, Russian Academy of Sciences, is described. The device is used as a mass and energy spectrometer for the simultaneous analysis of the hydrogen (0.8-80 keV) and deuterium (0.66-36 keV) charge-exchange fluxes emitted by a plasma. A thin (100 Å) diamond-like foil is used for stripping instead of the conventional method of stripping in gas. The analyzing magnetic field is produced by two powerful (1 T) permanent NdFeB magnets instead of conventional electromagnets. These two innovations have made it possible to decrease considerably the size ( 169 × 302 × 326 mm) and weight (42.5 kg) of the analyzer. To increase detection efficiency, the device uses additional electrostatic acceleration of ions scattered by the stripping foil and provides a magnetic field configuration with two-coordinate focusing. The analyzer has been used in experiments on the Wendelstein 7-AS stellarator at the Max Planck Institute of Plasma Physics (Garching, Germany). The results of the first measurements performed using this analyzer are described.
INTRODUCTION
The experimental conditions provided by modern thermonuclear facilities have considerably changed the requirements for the equipment for plasma diagnostics. For example, the diagnostics of charge-exchange atoms required that a compact neutral-particle analyzer be developed [1] [2] [3] [4] [5] [6] [7] [8] . The reasons for this were as follows:
First, smaller-size analyzers can be built more easily at experimental facilities. A compact device can be installed virtually anywhere near a plasma machine. It can be easily moved somewhere else or replaced, if necessary, with another device. A set of several compact analyzers can be used for multichord plasma diagnostics.
Second, diagnostic equipment intended for modern plasma facilities or fusion reactors of the future should be able to operate in high neutron and γ -ray fields. Unfortunately, the detectors used in analyzers (channel multipliers and microchannel plates) are sensitive to neutrons and γ rays. Therefore, such detectors must be used with massive shields, which reduce the intensity of irradiation. The weight of a shield required to protect a device from the 2.5 MeV D-D neutrons produced by a plasma facility with a neutron yield of ~5 × 10 14 neutron/s can be roughly estimated as follows:
The analyzer and plasma are usually separated by several meters. This distance cannot be significantly increased without reducing the data statistics. The neutronflux density at a distance of 3 m from the facility is ~5 × 10 8 neutron/(s cm -2 ). Estimates show that a chamber with double walls made of a 15-cm-thick layer of borated polyethylene and a 5-cm-thick layer of lead is necessary to reduce the neutron flux at the site of the device to an acceptable level ( ~10 7 neutron/(s cm -2 )). Such a chamber could accommodate an analyzer of a medium size (~1 m, including the vacuum pumping system). The chamber weight is estimated at 4 t, which is of limited feasibility technically. As for the future fusion reactors that will use D-T plasma, they will require protection from neutrons with an energy of 14 MeV. Protective shielding used for this purpose would be even more bulky.
Thus, downsizing the analyzer allows the weight of the protective shielding to be considerably reduced. For example, a threefold decrease in analyzer size makes it possible to reduce the weight of the neutron shielding by an order of magnitude. This shielding is suitable even for the case of D-T plasma.
Third, the equipment of present-day plasma facilities and fusion reactors of the future must be able to operate in strong magnetic fields. Usually, the scattered magnetic field at the site of analyzers is ~10 -2 -10 -1 T. Unfortunately, the design of medium-size analyzers makes them sensitive to external magnetic fields. The principle of operation of these devices is based on the spectrometry of secondary ions produced by stripping. In medium-size analyzers, the secondary ions travel a considerable distance from the point of stripping to the detector, and their trajectories are affected by external magnetic fields. Therefore, the use of analyzers in facilities with magnetic plasma confinement usually requires massive magnetic shields. As a result, the size and weight of the equipment increase considerably. The chamber walls in an analyzer are conventionally made of soft magnetic iron and have a thickness of several centimeters. This provides a reduction of the external magnetic field by a factor of 20-100, but leads to a considerable increase in the weight of the device. For example, the magnetic shields for an analyzer with a characteristic size of ~1 m may weigh ~100-500 kg. A decrease in the analyzer size makes it possible to reduce considerably the weight of the magnetic shields.
In this work, the design and principle of operation of a compact neutral-particle analyzer are described and the calibration data are given. We also describe the results of the first measurements performed using this analyzer on the Wendelstein 7-AS stellarator (IPP, Garching, Germany).
DESIGN AND PRINCIPLE OF OPERATION
The compact neutral-particle analyzer (CNPA) is a mass and energy spectrometer intended for the simultaneous analysis of the hydrogen (0.8-80 keV) and deuterium (0.8-40 keV) charge-exchange fluxes emitted by a plasma. The device's principle of operation is based on the stripping of incoming neutral particles and the subsequent analysis of secondary ions in parallel magnetic and electric fields. A diagram of the device is shown in Fig. 1 ; the main parameters are given in Table 1 .
Stripping and Accelerating System
The incoming flux of neutral atoms is ionized as it passes through a thin (100 Å) diamond-like foil [9] . The main advantage of this technique over the conventional method of stripping in gas is that it has no need of an intrinsic vacuum pumping system. The vacuum pumping system of the experimental setup is sufficient for stripping. In addition, for particles with energies higher than 10 keV, stripping in a foil is far more effective than stripping in gas. This may be important for studying high-energy ion tails, the intensity of which usually decreases with increasing energy.
The main disadvantage of the foil is its strong scattering of particles with energies lower than 10 keV. This leads to a decrease in detection efficiency at low energies. In order to reduce the particle loss caused by scattering during stripping and to increase the device's sensitivity in the low-energy range, the CNPA uses an additional electrostatic acceleration of ions. For this purpose, a voltage of +5 kV is applied to the stripping foil. To prevent undesirable deflection of particles caused by external scattered magnetic fields and the edge fields of the analyzing magnet, the stripping foil and the acceleration gap are protected with a magnetic shield.
Dispersion System
A conventional spectrometer circuit with parallel analyzing magnetic and electric fields is used in the CNPA. As the secondary ions pass through the magnetic field, they are deflected in the horizontal plane through an angle of ~90° and enter the analyzing electric field produced by an electrostatic condenser. This field deflects the particles in the vertical direction. Such double magnetic and electric analysis provides mass and energy separation of particles at the site of the detectors (Fig. 1a) .
The magnetic field is produced by two strong (1 T) permanent rare-earth NdFeB magnets manufactured by OAO NPO Magneton (Russia). The permanent mag- ( 1 ) stripping and acceleration system; ( 2 ) stripping foil; ( 3 ) analyzing magnet; ( 4 ) Hall probe; ( 5 ) analyzing electrostatic condenser; ( 6 ) shielding mask at the entrance to the detectors; ( 7 ) detectors; ( A 0 ) atomic flux emitted by plasma; ( A + ) secondary ions; (H) hydrogen detector array; and (D) deuterium detector array.
